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SUM MAST 



Qn the basis of current heat-transfer theory, equa- 
tions are developed relating the various dimensions, the 
air weight flow, and the performance of a cross-flow tubu- 
lar lntercooler in which the charge flows through and the 
cooling air 'across the tubes. These equations are then 
presented in graphical form in a series of design charts 
from which the lntercooler design characteristics and per- 
formance can be quickly determined. A method of determin- 
ing and presenting the performance of a given lntercooler 
at various operating conditions is indicated. 

Comparisons are made with the type of cross-flow tu- 
bular lntercooler in which the cooling air flows through 
and the charge acrosB the tubes. Tor a given charge and 
cooling-air pressure drop, air weight flow, number of 
tube banks, and tube weight, the two types generally have 
different values of cooling effectiveness and have differ- 
ent over-all dimensions. Tor operation at conditions that 
are fairly representative of aircraft lntercooler prac- 
tice, the charge- through- tube type usually requires more 
space than does the ciiarge-across-tube type of lntercooler. 
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CrosB-flow tubular intercoolers fall into two general 
classes: namely, (1) those in which the cooling air flows 
through and the charge across the tubes, and (2) those in 
which the cooling air flows across and the charge through 
the tubes. The selection of either of these types and its 
design varies with individual installations; the relative 
Importance of lntercooler size, weight, pressure drops, 
and ease of construction being the governing factor. The 
many variables involved in the design and performance of 
cross-flow tubular intercoolers tend to make the choice 
of the optimum type and its design very difficult. It Is 
possible, however, to correlate these variables on the 
basis of heat-transfer theory In such a manner as to re- 
duce this difficulty considerably. Design charts based 



on these correlations are 'presented in reference 1 for 
the type of cross-flow tubular intercooler in which the 
charge flows across tubes, the centers of which lie on 
the apexes of equilateral triangles (class 1). Since in- 
stallation requirements, in some cases, would he hotter 
satisfied "by an intercooler of the charge- through- tube 
type (class 2), a second set of similar charts has "been 
prepared for this type with similarly arranged tubes and 
is presented in thiB report. An investigation based on 
published test data was made of the effect of other stag- 
gered tube arrangements on intercooler performance and 
size; the application of the design charts to these ar- 
rangements is discussed. 

This work was conducted at the Langley Memorial 
Aeronautical Laboratory at Langley Field, 7a.. from 
August 1940 to January 1941. 



SYMBOLS 



E heat-transfer rate, Btu per second 

h surface heat-transfer coefficient of air, Btu 
per second per square foot per °T 

li rate of air flow, pounds per second 

z distance along a tuhe, feet 

I length in direction of air flow, feet 

di inside tube diameter, feet 

d 0 outside tube diameter, feet 

d average tube diameter, feet 

\ (^i + d 0 ) 

m number of tube banks in direction of flow 
across tubes 

s minimum distance between walls of adjacent tubes 
measured perpendicular to direction of flow 
across tube banks, feet 
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Bp tube pitch measured parallel to direction of 
~ flow across tube "banks , foet 

'max velocity through" the minimum space s, feet 
per second 

2T number of tubes 

f ratio of total cross-sectional area of inter- 
cooler tubes to area of charge core face 

w width of intercooler block, feet 

v Tolrae of intercooler block, cubic feet 

e contract ional-loss coefficient 

£ acceleration of gravity, feet per second per 
Becond 

c_ specific heat of air at constant pressure 
W (0.24 3tu per lb per °3) 

Ap total pressure drop across the intercooler, 
incheB of water 

p 0 standard atmospheric density (0.0765 lb per 
cu ft) 

p air density, pounds per cubic foot 

0* density of air relative to standard atmosphere 
(p/Po) 

F power required to force air across intercooler, 
horsepower 

T 0 cooling-air temperature at Intercooler entrance, 

T x mean cooling-air temperature differential above 
ex T 0 at intercooler exit, Op 

T a charge temperature differential above T Q at 
intercooler entrance, Op 
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T a mean charge temperature differential above T 0 
eI at intercooler exit. °P 

T 3 - T e 

T) cooling ef f ectiveness , ■ " 



f ' 1 1 f r5ction factor 



p.f absolute viscosity of air film, pounds per 
foot per second 

thermal conductivity of air film, Btu per 
second per square foot per °P gradient 
per foot 

|£. x ratio of metin cooling-air temperature rise to 
absolute cool ir.s-e ir t eioperatur e at inter- 



cooler entrance \ 



ex J 

+ 460 ' 



p 2 ratio of mean charge temperature drop to 

absolute charge temperature at intercooler 



entrance ^TTJT~460 



) 



Subscript i refers to cooling air 
Subscript a refers to charge 

Subscript en refers to entrance condition in inter- 
cooler 

Subscript av refers to average conditions in inter- 
cooler 

ANALYSIS 
Cooling Effectiveness 



ffith reference to figure 1, at some distance z along 
the lengtn of an intercooler tube in the nth bank, the 
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amount of heat per second dH exchanged "between the 
charge and the cooling air through an elemental length 
of tube dx Is" 



dH * h ird. dx 

2 1 



■-T', «^ <B> ' M 



where T a x ^ n ^ ls * he temperature differential above T 0 

of the charge at distance x along a tube in the nth bank 
and T v is the teaperature differential above T 0 of the 
tube vail. Equation (l) involves the asqumotion that the 
loci cooling air temperature at noint x can be replaced 

by T vhich is defired as the mean temperature dif- 

ferential above T n of the cooling air across »»nd over 

the length of a tube in the nth bank. The justification 
of this assumption villi be discussed in detail later. 

When T v is eliminated in equation (1) 

dT 3 (u) rr h a d 0 h 3 di H dx 

f <«0 _ m M\ M c fh d„ + h dA 

V a x x av J a p ^ i o a I ) 



Let 



it h d h d . U 

» C (3) 



M a C P (\ d o + * 3 *ij 
Then vhen equation (2) is integrated 

Also, the total heat given uo by the charge to the 
nth bank of tubes is 
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H<°> = ± c p (,. - «.<»>)- M, c p (, W - (6) 

where la the temperature differential above T 0 

of the charge at the exit of a tube In the nth bant and 
Ti ( n ) an d Tj^ 11 " 1 ^ are the temperature differentials 

above T 0 ° f tne cooling air after the nth and (n-l)th 
bank, respectively. The solution of equation (5) for 

T X U) is 

Ti U) m Ti (r.-x) + r ^ _ Tjj (n)^ ( fi) 



where 




Then the average temperature differential above T 0 of 
the cooling air across the nth bank ia 

, <») = f x C-x) + §■ (* a - T a (n) ) (7) 

When equation (7) is substituted in equation (4) and the 
total length of the tube is considered, 

«, U) = v[' 1 , "" ) *|('«- , ' W )- , »]( 1 -' t ' 11 ) <8 > 

In order to eliminate from equation (8) all terms 
where J ranges from o to n - 1, the following 
procedure is used: 

Trom equation (5) 

If in equation (8) this substitution is made and if the 



procedure is repeated n - 1 times. Ta^^ will be found 
to be a function of T a ^ only. The result is written 

Ta (n) = T a (l-nr7+7) + r7 Ia (J) (») 



- Cx- ■ l O 

where t ~ v ■ . ■ — ' — 



(o) 

Tor the first bank, 



and T a = T a 



Ta i; = * a d - r7 + 7)+r 7 ^ T a 

J=o 

= T a (l - r 7 + 7) + r 7 T a 

= (1+7) T a 
Likewise for the second bank, 

*a (E) =T a (l-2r7+7)+r7 ^ T a (j) 

=Ta(l-2r7+7)+r 7 £l a + T a (1 + 7) J 

= (1 + 7 + r 7 a ) T a 
Also for the third bank, 

T a ^ = T a (1- 3r7 +7) + r 7 £t 8 + T a (l + 7) + T a (1 + 7 + 'V 3 ) J 
= (1 + 7 + 2r7 a + rS73) T B 



8 



The foregoing operations Indicate that for the mth hank 



1 + 7 U + ry) 



m- 



1 



(10) 



The average exit charge t eiuperature T a ie obtained 

ex 

npon proper aummation 



J=m 



(J) 



'ex 



m 



+ ±. 
m 



1 - ( 1 + vy) m 1 
L 1 - ( 1 + rV) J Ta 



(11) 



on the aa sumption that the same quantity of air flows 
through each tube. The cooling ef f ect iveneaa ie 



or 




(12) 



The exponent c'l 2 in equation (12) ia evaluated in 

terms of the intercooler dimenaions and the air weight 
flow "by the same procedure aa that followed in reference 
1 for the equilateral tuhe arrangement. It will he shown 
later that within the range of available teat data the 
aurface heat- transfer coefficient h x and thus the ex- 
ponent c 1 l s 1b only slightly changed by the use of other 

staggered tuhe arrangements. As in reference 1 the ther- 
mal conductivity and the absolute viscosity of the cooling 
air and the charge, aa uaed in determining the heat-trans- 
fer co efficient a , were evaluated at a constant value of 
59° and 100° 7, respectively. 
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..... . — - (KT (£)-(*) lM 

c i, = ± (13) 

8 u o.e u o.n _ o.es i o.eo 

*♦•■-<& (&) (ar) (r) 

Expansion of the right-hand member of equation (12) 
shows that the variation in m after five banks, as it 
appears explicitly in that equation, has a negligible ef- 
fect on the cooling effectiveness. The Influence of m 
on the cooling effectiveness is through the exponent 

e!i . The cooling effectiveness can then be stated as a 

a 

function of Mj/il-,, l a /d, md/s, and 7d/lC 1< the same 

factors involved in the cooling effectiveness expression 
given in reference 1 for the type of cross-flow tubular 
intereooler in which the charge flows across the tubes 
and the cooling air, through the tubes. 

In order to make graphical representation less com- 
plicated, the effect of I7d/U 1 may be accounted for by 

letting 

.0 . 3 



and 



Ml X * 'eq 



0.36 



(*) (St) - "°- 3e (f ) eq 



where the subscript eq means equivalent. Equation (13) 
can now be written 



o. a 

.-a 



1. 634 X 10 v u j v „ 



C 



& (jo 

i = Z3 _ — ( 14) 

- i*o.». (gt) (i) (J) 

1 eq eq 



Figures based on equations (12) and (14) will be presented 
to show the effects of the factors M^/llg , (l a / d )eq' and 
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(md/a) e q on the cooling ef f act ivenesa. The corrections 
to b e applied to ^ a /d and md/a to obtain (^a/ d )eq 
and (md/a) e q will be presented in graphical form as 
functions of Ud/l^. 

Pressure Drop of Cooling Air 

The pressure drop due to friction in air flowing 
across ataggered banks of tubes the centers of which lie 
on the apexes of equilatera?. triangles is evaluated by 
the sane method used in reference 1. It will be shown 
later that within the range of available test data the 
friction factor f««» and thus the cooling-air pressure 
drop Ap.^ is changed only slightly by the use of other 

staggered .tube arrangements. As in reference 1 the vis- 
cosity of the cooling air is evaluated at 59° IP. 



P iav . _ 0.1 334m 0 - 78 f J±_^' 7B ( Si f fl^'",,,* 

-^T " 5.2 Po g ■ \^rj kt) \i) (15) 



Pressure Drop of Charge 

By the procedure followed in reference 1 to determine 
the pressure drop of air through the intercooler tubes, 
the following equation is obtained upon addition of the 
entrance, f luid-f rict ional , heating, and exit pressure 
changes: 

'■77 *** - °- 0833i (i%) a (tT 

y l.s ^ a. a o.a 
+ 0.00124 (jjj.) (J) (J) (16) 

u 

where 

A = \2 - 2fr 3 )( e ~ l«09f E - 0.91) + (2 - fe) (f a - f + l) 
and 



As in reference 1 the viscosity of the— charge is evaluated 
at 100° F. A plot of f is given in reference 1 for the 
equilateral tube arrangement. The factor e is a func- 
tion only of f and 1b plotted in reference 1. The fac- 
tor P a is introduced to evaluate the heating pressure 
regain and to give the entrance and exit- pressure changes 
in terms of the mean charge density. A__c±iange in staggered 
tube arrangement from the equilateral spacing causes a 
change in f and thus a change in the -entrance- exit pres- 
sure drop. This pressure drop, howeverj is usually a 
small portion of the total drop, especially for long tubes. 



Cooling-Air power Losb 

By the procedure followed in reference 1, the expres- 
sion for the power required to force cooling air across 
the intercooler is, 



■av 



5.2ct, A.p 



av 



550 Pq 



(17) 



"When the power is expressed aa a percentage of the engine 
brake horsepower for a fuel-air ratio of 0.08 and a spe- 
cific brake fuel consumption of 0.5 pound per brake horse- 
power per hour, 



•av 



brake horsepower 




Charge Fower Loss 

The power required to force the charge through the 
intercooler is given In reference 1 as 
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0"„ 



5.20- a A Pj 

RV 

550 p Q 



(18) 



and for a fuel-air ratio of 0.08 and a specific "crake fuel 
consumption of 0.50 pound per brake horsepower per hour 



cr 0 2 ? .(100) 
3 av 2 



brake horse^OFer 




The relative densities (cr) in the foregoing equations are 
average densities. Tne relation between the average and the 
entrance densities, when tne effects of pressure changes 
in the intercooler are neglected, may be expressed as 
follows : 

av en 



where p x = 



To + 463 



where fa, 



•nT„ 



3 T a + T 0 + 460 



Intercooler Dimensions 

The dimensions of this type of intercooler may be ex- 
pressed as follows: 

The dimension of the block in the direction of the 
cooling air flow is 
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l x = Bp (m - 1) + d Q 

where, for the equilateral arrangement; s p '=" 0.866 (B+d 0 ) 
The width of the block 1b 



The volume of the block 1b therefore 



where l s la the dimension In the direction of the charge 
flow (tube length). 



DISCUSSION 
The Cooling Ef f ectlveneea Equation 

In the Integration of equation (2) the local cooling- 
air temperature differential above T 0 at a point along 

a tube in the nth bank was replaced by T x ^ n ^, the 

av 

average temperature differential above T Q of the cooling 

air across and over the length of a tube in the nth bank. 
Thia assumption ia valid only if the air along a given 
tube completely mixes, thua equalising the temperature of 
the cooling air along that tube. Since aome mixing pro- 
bably occurs, the true condition Ilea between that aaaumed 
In thia report and the condition aaaumed by Euaaelt (ref- 
erence 2) that no temperature equalisation occurs along a 
tube. If. however, equation (12) la compared with 
Fusselt'e expression for the cooling effectiveness (see 
reference 2), it ia found that: (a) equation (12) ia rel- 
atively simple; and (b) In the usual range of effectiveness 
values used In int ercoolers. the results obtained from 
equation (12) agree fairly well with Husselt's results. 

A compariBon of the eff ectlveneea values derived by 
the two expressions ls given in figure 2. This figure 



I 
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shows that over a wide range of ef f ectlveness values cov- 
ered "by the design charts presented in this report, the 
two analyses give the same results. In the range of 
higher values of cooling effectiveness, however, the 
Nuaselt analysis gives slightly higher values, the maxi- 
mum difference in the range of the design charts being 
4.0 percent effectiveness. The values given by equation 
(12) are used in preparing the design charts; they make 
for slightly conservative values of cooling effectiveness 
which may he corrected to the Husaelt values, if deBired, 
by the use of figure 2. 



Effects of Primary Intercooler Variables 

Tigure 3, which is a plot of equations (12) and (14), 
shows that the cooling effectiveness Increases with 
M i/ M a» ( l a/ d ) e q' and < md /B) eq at a rate that dimin- 
ishes as these variables increase. The effect of l 2 /d 

and md/a on the cooling effectiveness is nearly the same 
as that of ( 7, 2 /d) e q and (md/s) e q. The corrections re- 
lating the actual ^ 2 /d and md/s to (l a /d) e q and 
(md/s) e<1 , respectively, are replotted against lfd/l^ in 
figure 4 from reference 1. 

Equations (15) and (16) indicate that an increase in 
either ^ a /d, md/s, or l^/Ha, for a given M a in an 

attempt to attain higher values of cooling effectiveness, 
is accompanied by an increase in pressure drop through 
the intercooler or across it. In the selection of an in- 
tercooler these pressure drops and the consequent power 
expenditures as well as the intercooler weight and Bize 
must be considered. 



Design Charts 

Although equations (12), (13), (15), and (16) may be 
used to predict intercooler performance when the inter- 
cooler dimensions and weight flows of the charge and the 
cooling air are known, their application would prove quite 
cumbersome. By the introduction of simplifications iden- 
tical with those of reference 1, these equations are rep- 
resented graphically in the form of charts (figs. 5 to 
10) readily usable "by the designer. These simplif ications 
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detrect little from the validity of the charts since the 
resulting errors are well within the limit of experimental 
accuracy. 

The basic variables used In the construction of the 
charts are ta/d, md/s, Hi/M a , ITdl a /M a , m, Ap x . and 

cL v 

a a Ap a . The main design charts (figs. 5, 6, and 7) give 
av 

for various values of M x /l." a and l a /d the cooling ef- 
fectiveness plotted against i;dl p /H g , which Is an Index 
of heat- transfer surface and thus of tube weight. Bach 
figure Is given for a constant value of m (5, 20 . and 
30 banks of tubes, respect :\™«aly) and covers the range of 
CT-, Ap, from 2 Inches to 6 *".ches of water. Linear 

Interpolation for intermediate values of m and Ap x 

av 

gives results well within expori._antal accuracy. The main 
design charts are calculated for a constant value of 
CT Ap a (5.5 inches of water). Because variation in B a 
av 

has a negligible offset on the values in these charts a 
constant value for 6 £ cf 0.20, which represents a usual 
condition, was used in the preparation of the charts. 

With the aid of figv.rea 8 and 9(a) these design 
charts may be uBcd for other values of 0" a Ap a . Figure 

8 gives the correction to be added algebraically to the 
chart values of l c /d for various values of <T a Ap a and 

EL V 

JTdl 2 /li a . Likewise figure 9(a) contains the corrections to 

ba -added algebraically to the chart values of cooling ef- 
fectiveness r\. 

The tables included In the main design charts give 
the power expenditures Involved In the operation of an 
lntercooler. Figure 9(b) gives the variation in the power 
required to force the charge through the lntercooler with 
charge pressure drop a a Ap,. Aside from, these power ex- 

av 

penditures are those due to t_e lntercooler weight, duct 
losses, and reduction in manifold pressure - all of which 
depend on Installation and flight conditions and should- - 
be considered in the choice of the optimum lntercooler. 
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Some energy may "be recovered from the cooling-air stream 
by means of the Meredith effect. 

tfigure 10(a) gives, for an intercooler with 5 banks 

. JTdl a / 

of tubes, a plot of md/B agairst — — / for various 

Via I Mg 



JTdl_ / M, 

values of 0"i Ap, . Tor given values of .. / — and 
av Ma / M a 



JTdl £ 

"mT / M a 

0"i Ap x a change in the number oi tube banks of an inter- 
cooler must be accompanied by a change in md/s. This 
change io given in figure 10(b) in the form of a plot of 

(^k^j (^—^) against m where the subscript on md/s 

denotes the number of tube banks for which that value of 
md/s applies. 



Effect of Tube Arrangement on 

Intercooler Characteristics 

Tlgures 11 and 12 are plots of data obtained from 
references 3, 4, and 5, ani show the effect of staggered 
tube arrangement on the surface heat- transfer coefficient 
h 1 and the friction factor f Ml . In these figures 

h a d 0 /k lf and f" are plotted against the ratio 

Sp/(s + d 0 ) for various values of s/d 0 and Reynolds 

number. The Reynolds number in figure 11 is based on the 
tube diameter, and in figure 12 it is based on the dimen- 
sion s. In each of these figures the equilateral tube 
arrangement is indicated by the vertical line at 
Sp/( s + & Q ) = 0.B66 on which are marked the values of 
h x do/k lf and f 1 1 » obtained fro™, reference 5 and used 

in this report to evaliiate intercooler performance. 

It is shown in figures 11 and 12 that h 1 d 0 /k 1 ^ and 

fiii are nearly constant for a large range of values of 
s /(s + d Q ) and are approximately equal to the values of 



17 



h2d 0 /lc lf and f ,fl given "by reference 5 for equilateral 

spacing. Thus the design charts, although "based on the 
data of., reference 5, appJLy with a good degree of accuracy 
for a large range of values of Sp/(s + d Q ) . It Is evi- 
dent that the intercooler dimension In the direction of 
cooling-air flow l x , c,id hense the intercooler volume v. 

can be decreased by decreeoing fl p/( a + with little 

change in Intercooler performance. There is probably a 
lower limit to Sp/(B + d Q ) beyond which further reduc- 
tion in this dimension results in an undesirable change 
In intercooler performance. The range of the available 
data is not sufficiently lc - ge *.o show this lower limit 
except possibly in the case of s/d 0 = 2, where the 

Nusselt number apperrs to decrease markedly below the 
value of Sp/(s + d Q i =0.4. The snallest values of 

b b /( a + d Q ) and the correspondins values of s/d 0 cov- 
ered by the test data of references 3 and 4 and shown in 
figures 11 and 12 are given in the following table: 

s/oq 0.25 0.5 1.0 2.0 

s p /(s + d Q ) 1.00 .67 .45 .20 

In the case of s/ " 0 = 0.25 the value of Bp/ ( s + d 0 ) 

could have been reduceC f : o\z 1.00 to 0.866 (equilateral 
spacing) with little change in h 1 d 0 /k lf or f ,M . In 

reference 1 tests are reported in which the value of s/d Q 

was 0.038 for the equilateral tnbe arrangement, and the 
results agreed with the equations for hjd 0 /k lir and f««i 

presented in reference 5. 

Attention is called to the fact that the surface 
heat-transfer coefficient s^oxrn in figure 11 represents 
the surface heat transfer on the outside of the tubes 
only, and that variations in the cooling effectiveness of 
an intercooler are not as great as the variations noted 
in this heat- transfer coefficient. Tigure 13 shows the 
ratio of percentage change a (= dTj/ri) in cooling effec- 
tiveness to the percentage change (= dh 1 /h 1 ) in the 
out er- surf ace heat-transfer coefficient. These curves 
are based on equation (12). According to this figure, in 
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the usual range of lntercooler practice the percentage 
change in T| is lesu than that in h x "by a factor of 
0.5 or less. 

It appears that considerable latitude in Bp is per- 
mitted for a given value of s without serious change in 
lntercooler performance out with very appreciable varia- 
tion in lntercooler volume. Consequently the design 
charts presented in this report are not limited to equi- 
lateral tube arrangement but should also be applicable 
with a fair degree of accnrac;- to other tube arrangements 
within the extent of the evidence presented. 

Although hidden by the iispersion of the data (fig. 
11) there are probably optimum values for Sp which pro- 
vide slightly better performance than the equilateral 
spacing. It is believed that further tests on the effect 
of Bp on heat transfer ard pressure drop covering a 

larger range than the data given in references 3 and 4 
should be made in order to determine (a) the values of 
Bp for maximum performance and (b) the values of Bp be- 
low which the performance decreases rapidly. 



Illustrations of the Use of the lntercooler Design Charts 



Let it be supposed that an lntercooler is to be de- 
signed for the following set of conditions: 

Engine and supercharger characteristics: 



Case I 



(1) 



Charge mass flow U 
per second - - - 



2 • 



pounds 



1.75 



(2) 



Charge temperature at supercharger 
outlet , oy __________ 



160 



(3) 



Charge pressure at supercharger 
outlet, inches of mercury 
absolute ---------- 



40 



Desired lntercooler dimensions: 



(4) Average tube diameter d, feet - - - 1 

48 



19 



(5) Number of tube banks m ----- 20 

(6) Tube-wall thickness t, feet 

(copper density p t , 5BB 

lb/cu ft)-- ----- 0.0005 

Intercooler limitations: 

(7) Cooling-air pressure drop Ap x . 

inches of rrater - -- -- -- - 8.0 

(8) Charge pressure drop Ap s . inches of 

water ------------- 4.5 

Desired intercooler performance at 21,000 feet 
altitude: 

(9) Cooling effectiveness T| • percent- SO 
The intercooler design will be made for Ux/U^ 2. 

It is desired to find the following intercooler 
characteristics: 

Tube length l a 

Number of tubes H 

Transverse tube spacing s 

Parallel tube spacing s p 

Weight of intercooler tubes W t and dimensions of 
intercooler block 

Power required to force cooling air across the inter- 
cooler tube banks F^^ 

Power required to force charge through the inter- 
cooler F 8 

(10) From a table of standard altitude at 21,000 

feet 



20 



(7. = C.52 
1 en 



T 0 = -16° T 



(11) From Items (2), (9), and .(10) and from 
equation (19) for Ujii^ = 2 

\ X 0-6 X 176 
Pi = ^ "* - 0.119 

ri 460 - J.6 



so that 



ll** = 2. .11 9 = Q q 5 
a len 2.233 °' 95 

(12) From items (7), (10), and (ll) 

(J. Ap, = 0.95 X 0.52 X 8 = 4 inches of water 
*av 1 

(13) From f.te.ns (2) end (3) 

<*„• IS x &- l - llB 

(14) Trom items (2), (9). and (10) 

a . 0.6_X_176 n 17 

P a " 176 + 4T0~"l6 - °' 17 



so that 



(15) From items (8), (13), end (14) 

^2 APa = 1.10 X 1.115 X 4.5 = 5.5 inches of water 
av 
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and 



so that 



(16) If figure 6(d) which applies for m = 20 , 

0\ Ap, = 4f and o* a Ap e = 5.5 is used, 
for Mi/Ma = 2 aad r\ = 60 
l a /d = 127 



]Fill a /li a ~ 28.9 

(17) Prom items (4) and (16) 

l a = 2,65 feet 

(18) Prom iteifl (1), (4), (16), and (17) 

3.65 X 

(19) If figure 10(a) and items (12) and (16) 

are nBed for ^/lfg = 2 

(nd/s) B = 75 

(20) If figure 10(b) end items (5) and (19) are 

used 

(md/s) ac y/ (nd/s) B = 0.582 

(md/s) 30 = 43.5 

(21) Prom items (4), (5), and (20) 



20 X 

s = ~— — -~ * 0.00968 foot 
43. 5 



(22) ffrom Items (4), (6), and (21) 



8 / 4 o = . f ■. = 0.45, bo that, from figure 11, 

within the range given, the lowest value of 
Bp/s + d Q = 0.67 and thus 

B V = 0.67 (0.00968 v 0.0213) = 0.0207 foot 



(23a) For the equilateral arrangement 

s p = 0.866 (0.0095e + 0.0213) = 0.0268 foot 

(23) Trom itens (l), (6), acd (16) the weight of 

the intercooler tube 8 is 

(0.0005) (26.9) (1.75) ( 555rr) = 44.2 poundB 

(24) Dimension of intercooler block in direction 

of cooling-air flow from items (4), (5), 
(6), and (22) is 

B_ 

when p = 0 . 67 

b + tl 0 

(0.0207 X 10) -r 0.0?13 = 0.41 foot 



when - * ■■ ■ = 0.866 (equilateral arrangement) 
™ o 

(0.0268 X 19) + 0.0213 = 0.53 foot 

(25) Width of intercooler block from items (4), (5), 
(6), (18), and is 




(0.0213 + 0.00958) = 1.430 feet 



(26) 



Volume of intercooler Mock when 



B P 
a + d 0 



= 0.67 from items (17) (24), 
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and (25) is 

3.65 X 0.41 X 1.415 = 1.537 ctibio feet 
B P 

and when ~ . ' m . " = 0.866 la 

2.65 X 0.53 X 1.415 = 1.987 euMc feet 

(27) From table at top of figure 6(h) for Uj)L s = 2 

0*3. S P 1 /M a = O.SS horsepower per pound per 
av 

second >f charge flo.7 

(28) Also, 

or a ^s/^a = O* 68 horsepower per pound per 

EL 7 

second of charge flov? 

(29) JTrom items (l), (10). (11), and (27) 

0.9J X 1.75 „ . 

P = — = 7.10 nor ae-oower 

(O.fj X 0.52) 

(30) Irom items (l), (13). (14). and (28) 

p = -MUJ^,: o.79 horsep 
8 (1.115 X 1.10) c 



ower 



In figure 2 it is shown that the value of r\ from 
the Susaelt analysis for \i 1 /'U a = 2 is 1 percent higher 

than the value 60 used in this example* 



Cese II 

The effect on intercooler dimensions and performance 

of a change in, charge press-are drop 0* o A-n a from 5.5 

H av * a 
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inches of water, for which the irain design charts have 
"been drawn, to another value Is illustrated "by the follow- 
ing example: 

In case I suppose that or Q Ap a is increased to 8.0 

inches of water; the engine and supercharger characteris- 
tics, the desired lntorcooler dimensions, the remaining 
intercooler limitation, the altitude, and the value of 
I^/Uq "being kept the sarae. 

(31) If figure 8 and item (16) are used 

A Jo = 19 

(32) From figure 9(a) and for = 2 

Lt\ = 7. percent 



so that 



and 



T| = 60 + 2 = 62 percent 
(33) From items '"-6) and (31) 

-- = 127 + 19 = 146 
a. 



l_ = 3.05 feet 

3 

(34) From items (l), (4), (16), and (33) 
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3.C5 X ~ 



(35) Inasmuch as JTdl 2 /H 2 is kept constant with 

°a ^Ppi the "weight of the intercooler 
av 

tubes regains the same. 
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(36) The tube spacing does not change because 

Ndlg/ll a> Uj/Mq, <X x Ap x . and m are 

the same. _;T2rus_ the dimension of the 
intercooler "block in the direction of 
cooling-air flow Is the same; the width 
changes Inversely with the change in 
tube length, thereby keeping the inter- 
cooler volume the same. 

(37) If figure 9(b) is used 

a p ■ 

cr a rj£ = 1.00 horsepower per pound per 
av M a 

second of charge flow 

(38) Jrom items (12), (24), and (37) 

P = — 1-00 x .JUZ5__ = 116 horBepower 

(1.115 X 1.10) 

(39) The cooling-air weight flow and the attend- 

ant pov7er loss across the intercooler re- 
main the same as in case I. 



Performance Charts 

It has been shorn how an intercooler is designed and 
how the performance is predicted for a given set of oper- 
ating conditions. Although the design charts can also be 
used to predict the performance of the designed inter- 
cooler at other operating conditions - for example, opera- 
tion at another altitude or perhaps operation with a dif- 
ferent weight of charge flowing through the tubes, there 
is a simpler and more direct method involving the use of 
figures 3 and 4 and the relations between pressure drop 
and weight flow of charge and cooling air. The informa- 
tion can then be presented in convenient form for use by 
designers to determine the intercooler characteristics at 
any operating condition. The procedure for obtaining an 
intercooler performance chart is summarised in the follow- 
ing outline and an illustrative example presented. 
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1. Relation betveen a. Ap and M 

1 B» ' * 



Equation (15) shovs that a Ap varies directly 
with Ml 18 . 

Belation betveen a Ap and M 

av 

The exact relation betveen a Ap and M (equa- 

22 2 
av 

tion 16) is quite involved because a portion of 
the pressure drop (entrance, exit, and heating 

losses) varies vith K^ 3 vhile another portion 

(tube frictional loss) varies with Mg 1 * 8 * la 

symbolic form for a given intercooler, 



CT 2 A P 3 = 
av 



where Z 1 and K a are constants. 

The values of Z. and K a can be found from the 
intercooler dimensions and thus the relation be- 
tween a 3 Ap 3 and M 3 can be definitely estab- 
a*v 

lished. Because the frictional loss in the tubes 
is a large portion of the total loss (in the in- 
tercooler of case I for a- A-p- = 3-3 inches of 

av 

water the tube frictional loss was 87 percent of 
the total loss), the simpler yet sufficiently ac- 
curate expression, 

a Ap a = E 3 M a ^ 8 
av 

where K, is a constant, may be used. 

o 

Belation of T) to a Ap and a Ap 

l av 1 a av 3 

For a given intercooler a Ap determines 

*av 1 

M and Bfd/M , vhich, in turn, fix the values of 
1 1 
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(l Q /d) e<1 and (md/B) e ^. (Sea fig. 4.) From 

figure 3, for the given (^ a / d ^eq and ( md / B )eq' 
T\ can he plotted against 'U^/iL B . Then for every 

cooling effectiveness value there la a correspond- 
ing value of K a and thus a corresponding value of 

0"a Ap s . This proacduro If repeated for various 

values of or. Ar>.. 

A av 

4, Procedure for drawing performance charts 

The performance chart gives for a certain lntercooler 
the relations of T| to cr. Ap x and o* Ap a , of 

av av 

CT X Ap,_ to U x , and of 0"a aT ^Pa to M a* In order 

to Increase the scope of the perfornance chart, the 
air weight flows are given per unit width of inter- 
cooler* Thus tJ\e given lntercooler is assumed to 
consist of a number of lnte*. coolers of unit width 
placed In parallel. Changirg the width of the given 
lntercooler "07 changing the number of tubes per bank 
is equivalent to changing the number of intercoolers 
of unit width, placed in parallel. The performance 
chart, therefore, can be used for any value of w 
provided tho change in w Is due only to the change 
in the number of tubes per bank, the tube spacing 
and other dimensions being constant. Figure 14 is 
a convenient plot of the foregoing relations for the 
lntercooler designed in csie I. In this figure 
°l is plotted ogaiast cr a £p a for various 

av av 

values of r\ . Also K a /w 1b plotted against 

CT a Ap a , and M,/w against cr Ap_. 
av ■ t av 

The best method of illustrating the procedure for 
making a performance chart Is to follow through a sample 
problem for the lntercooler desf.jned in case I. 

The dimensions of the lntercooler of case I are: 



38 



d = l/48 foot 8 = 0.00958 foot 

m = 20 tanks t = 0.000 5 foot 

l a = 2.65 feet w = 1.415 feet 

'M = 916 tubea 

When Ap x = 4 lnciiee of water, cr a Ap a = 5.5 

av av 

incheB of water and M 2 = 1.75 pounds per second, the in- 

tercooler has a cooling off ectiveneaa of 60 percent and a 
value of Mj/Ma = 2 co that ~A X =3.6 pounds per second. 

The problem is to determine the performance of the inter- 
cooler at other values of u x Ap x and o^^Apa and to 

present this information In the convenient manner explained 

"before, ffhen (X, Ap. = 4 inches of water, K. = 3.5 

4 av A * 

pounds per second, U x /w = 2,4? pounds per second per foot 
width of intercooler , and Nd/l^ = 5.5 feet per pound per 
second* 

Tor l a /d s 137 and md/a =» 43.5 from figure 4, 
( l a/ d ) e q = ' 113 and (n»d/fl) 0 (i = 34 ' 8 - 

Trom figure 3 the of f ectiveneas values corresponding 
to the various values of can he chosen. 







0 


0 


1 


44.0 


2 


60.2 


4 


75.5 



Trom the curve obtained by plotting these points the 
value of Mj/M a can be selected for any value of cooling 

effectiveness for the given (l„/d) and (md/a) 

* a» eq eq 
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Thus for every value of cooling effectiveness there ie a 
corresponding value of M a for the given value of H x . 

Trom the fact that ct 0 Ap„ =6.5 inches of water when 

av 

1£ Q = 1.75 pounds per second and from the relation 



he drawn. Thus for any value of M a the corresponding 



3 Of 


CT a av A Pa can 


he found 


as follows: 




•n 




*a 


X/Pa 




50 


1.27 


2.75 


13.4 


1.94 


56 


1.57 


2.23 


8.4 


1.58 


CO 


1.96 


1.79 


5.7 


1.27 


65 


2.45 


1.43 


3.8 


1.01 


70 


3.33 


1.13 


2.5 


.79 


75 


3.53 


.89 


1.7 


.63 



Tor any other value of a, Ap, a solution for M can 

l av 1 

"be ohtained from the relation O". Ap x = B^l^ * . Che 

av 

procedure is then repeated for various values of 0" Ap x 

av 

and 

The following tahle gives the results of the forego- 
ing procedure. Figure 14 1b a plot of the results in the 
recommended form. 





(a) 


(*) 


(c) 


0" Ap , in. of water 
av 

M lf lb/ sec 

If /w lb/aec/ft 

Kd/Mi, ft/lb/sec 
(md/ B ) eq 


2 

2.38 
1.68 

8.0 

121 
40,0 


. 6 

4.38 
3.10 
4.4 
108 
32.6 


8 

5.13 
3.63 
3.7 
104 
30.9 




T| • percent 


0 
1 
2 
4 


0 
46 
63 
78 


0 
43 
59 
74 


0 
42 
58 
73 


•n ] m 1 /m s | u a 


^ay Ap ° 


M a /w 


(a) 


50 
55 
60 
65 
70 
75 


1.18 
1.47 
1.32 
2.25 
2.32 
3. CO 


2.02 
1.62 
1.31 
1.06 
.84 
.68 


7.1 

4.7 

3.3 

2.2 ■ 

lc5 

1.0 


1.43 
1.15 
.926 
.7 50 
.534 
.480 


(D) 


50 
55 
60 
65 
70 


1.36 
1.6B 
2. 11 
2.63 
3.35 


3.22 
2.61 
2.08 
1.67 
1.31 


16.4 
11.1 
7.5 
5.0 
3.3 


2.28 
1.85 
1.47 
1.18 
.92 6 


(c) 


50 
55 
60 
65 
70 


1.42 
1.77 
2.20 
2.77 
3. 50 


3.61 
2.90 
2.33 
1.85 
1,47 


20.2 
13.6 
9.1 
6.0 
4.0 


2.55 
2.05 
1.65 
1.31 
1.04 
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Comparison of Charge-Through-Tube and 

Charge- Aero as-Tube Intercoolers 

In reference 1 the eooling ef f ect ivenes a of a cross- 
flow tubular interoooler of the charge- a cross- tube type 
la shown to be a function mainly of M x /M a and cl a . 

from the definitions of c and c f , 

c ' la 

i 

Ma 

where c' l a = ~- 
8 U n c 
a p 

and where h 1b the over-all heat- transfer coefficient 
and S is the heat- transfer area. The cooling effective- 
ness can then be stated simply as a function of Uj/U a 

and c*l a , the same terms Involved in NtLsselt ' s analysis 

and in equation (12) of this report. 

Tor a given Uy /H a and c 1 l g and within the range 

of the design charts presented in this report, the cool- 
ing effectiveness of the charge-across- tube type of cross- 
flow tubular intercooler agrees closely with the cooling 
effectiveness values obtained from Nusselt and from equa- 
tion (12) of this report, the small differences being due 
to the difference in the assumptions made in the deriva- 
tions. Thus for a given heat- transfer area, over-all 
heat-transfer coefficient, and weight flow of charge and 
oooling air, the values of effectiveness of the two types 
of cross-flow tubular lnterooolers are the same and are 
equal to the effectiveness of heat transfer due to the 
cross flow of two fluids over a plate. 

Tor a given cross-flow tubular Intercooler (that is, 
a given m, d, s, l gl and XT) operating at Mj/ll a = 1, 

the process of interchanging the flows (that Is, first 
operating the interoooler as a charge<-across-tube type 
and then as a charge- through- tube type or vice versa; 
does not change the oooling effectiveness If the effects 
of the viscosities and the thermal conductivities of the 
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charge and the cooling air, which In reference 1 were 
shown to he small, are neglected. The pressure drop 
across the intercooler tubes and the pressure drop 
through the tubes remain substantially the same. Ex- 
-pr.eBsed in symbolic ■ form, 



■ ■ "Ht 

and 



where the subscripts a and t denote the charger-aero as- 
tube type and charge-through- tube type of intercooler, re- 
spectively. If ■ Mi/*£ s has a value other than unity, how- 
ever, the process of interchanging the flows increases 
one of the two individual heat-transfer coefficients and 
decreases the other, the net .effect on the over-all • heat- 
transfer coefficient and thus on the cooling effectiveness 
depending mainly on the initial values of the Individual 
heat-transfer coefficients and the ralue of l^/jig. The 

pressure drops through the tubes and across the tubes 
change so as to satisfy approximately the relationship 

■ a av Ap = K M 1 ' 8 ■ 

where E is a constant of proportionality and M either 
the weight flow of the charge' Or the weight flow' of the 
cooling air , ■ 

For values of V.- 1 /u a other than unity,, in order 

t'hat the two types of intercoolers have equal values of 
cooling effectiveness for a given heat- t ransf er area and 
given air flows, the disposition of the heat- t ransf er 
area and -thus- the over-all dimensions of the two inter- 
coolers must be different since the flow conditions and 
individual heat- 1 ransf er co efficient s' are different. In 
general, the pressure -drops of the charge and the cooling 



= 'Ha 




33 



air must also be different. Tor m = 5 banks, cr a Ap a 

av 

= 10 Inches of rater, and 0*. Ap. = 2 Inches and 8 Inches 

.... -- _ . ,- av 

of water, figure 15 gives the values of cooling effective- 
ness of both types of lntercoolers plotted against Ndl a /M E 

for various values of M,/ll Q . She effect of the number* of 

tube banks on the relations between the cooling effective- 
ness values for both types of lntercooler Is small so 
that figure 15 covers conditions which are fairly repre- 
sentative of aircraft lntercooler practice. The cooling 
effectiveness of the charge-across- tube type Increases at 
a Blightly faster rate with M x /M a than does the cooling 
effectiveness of the other type* The rate of change In 
cooling effectiveness with Udl E /M a is approximately the 

same for both types of lntercoolers. From figure 15 It 
is seen that some value of U z /ll B exists at which the 

values of cooling effectiveness of the two types are equal. 
This value of Mj/Mg Is apparently a function of 0" Ap , 

av 

0" a Ap a f and m. 
av 

The factor Ndl 2 /M 3 is an index of tube weight and 
also, for a given tube diameter, an index of volume taken 

up by the tubes (iLl 3Por a given tube diameter and 

\ 4 li a / 

for a given *Jdl Q /M a , therefore, the difference in volume 

between the two -types of lntercoolers is the difference in 
the volume of the spacing between the tubes. Por a given 
s p 

— ; — — (that is, a given staggered tube arrangement) and 
e + d 0 

within the range of available test data, the relation be- 
tween the tube spacingo s a and s t for a charge-across- 

tube type and charge-through- tube type, respectively, may 
be expressed as (see equation (15)), 

-1= r 
•. 
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where E g Is approximately equal to 1. 

In order to operate at a high cooling ef f ectiveness, 
an lntercooler must usually handle a greater weight flow 
of cooling air than charge, and the pressure drop allowed 
for the charge is- usually greater than that available for 
the cooling air. It is then evident -from the foregoing 
equation, that the tube spacing and thus the volumetric 
requirements of the charge-through- tube type will usually 
be greater than those of the other type. 
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With the aid of heat-transfer theory, relationships 
between lntercooler performance and various lntercooler 
dimensions may be derived for tubular intercoolers of the 
charge- through- tube type. The graphical representation 
of these relationships in th9 form of design chartB in- 
cluded in this report simplifies the correlation of the 
many variablao involved and Bhould be of material assist- 
ance in the selection of an lntercooler to satisfy a par- 
ticular set of conditions. 

With a given staggered arrangement of tubes and In 
the range of practical intercoolar operation, the charge- 
through-tube type of lntercooler generally requires more 
space than the charge-across- tube type* 



Langley Memorial Aeronautical Laboratory, 

National Advisory Committee for Aeronautics, 
Langley Field, 7a. 
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Figure 3.- A comparison of cooling effectiveness obtained by Husselt 
with those obtained froa the design charts. 
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(a) Cooling effectiveness correction variation with oharge pressure 
drop and Hi/Ms. 

(b) Variation in the power required to force the oharge through the 
interoooler with oharge pressure drop. 

figure 9.- Relation between charge pressure drop and intercooler perforaasoe. 
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Figure 4.- Correction factors for lg/d and ml/a (from reference 1). 
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